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(57) ABSTRACT

A test set-up (10) for non-destructive detection of a flaw 1n a
device being tested by means of an eddy current has an
excitation coil (14), to which an excitation signal (SE) can be
sent to act on the device being tested (16) with an electromag-
netic alternating field, a recerving coil (17) to generate a coil
signal (SP), which 1s a function of the flaw 1n the device being
tested (16), an analog-digital converter (21), which 1s coupled
to the recerving coil (17) on the input side, a filter arrangement
(22), which 1s coupled to the analog-digital converter (21) on
the mput side and 1s designed for band-pass filtering and scan
rate reduction, and a demodulator (27), which 1s coupled to an
output of the filter arrangement (22) on the input side.
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11 Claims, 5 Drawing Sheets

10
BN
/JI |
i fm 15 gpaA 1 SEG 12
s SE
- —~ | D/A _
;;s;;;;;;e ™~ 62
§ FOLK~CLK, 39~
- 20 DS(*}*\«ES SN 1
- fa|sw 23 / 1 32 44 36 43
sp |4 25 31 35
e e 5 %] sl g |l
- - o A/D WFIR | Ger e FIR [y Y SK T
| sp Al = A FIR | | dez|]l | f
* o~ o1 g‘ﬁ'
20 24 — / ﬁs > R
IR ~¢ SD| "[" 33 37
Tg 5 2 SN2
fa_~ SDE \_1g DS™-28

\v4

22



US 8,841,902 B2

Vi Dl
CC
/ é N
wm 8T o8a 2N AAS - .
CNS __. « | N \

SOJ
zS
J. q45 JMJN% I ,%_ﬁ/ o~ 0T -
| AdId V ...l|~ Q ot ad i
(

Sheet 1 of S

Sep. 23, 2014

U.S. Patent

QQ “P | B f—1—| Z9P |- NIl m‘ﬁE‘MH I AV _l -~y
. y N \ S s | me | w f i’

A S
33 PE o6 » 1¢ 7 ez MS |ey 1€ dS L1

Q) —6E  MTOIOF |

.ﬁ | v/a , -
v ) 7\

. ! i ._., DHS 3 1 uy

01



U.S. Patent Sep. 23, 2014 Sheet 2 of 5 US 8,841,902 B2

Y

2 A i 50
— j44 2 5 ‘éj
SC 3 - 5 3
7 A1 J45 M SKY ,/
/X/'m -
30 49 T -
, ~ 46 A SD
o 7 F
SDE : X7 | SL
O NS
2 | 1
/\j o
FIG. 1B M4~ 2%
51
AV Y A
42 48
44
Y - SD
40bit | 7Y \
o fa’
fm
‘K 29 XS
XS XKS
45 ™S N/
47 43
%o M/N=3/1

TN b
5/2 5/1 <) %




U.S. Patent Sep. 23, 2014 Sheet 3 of 5 US 8,841,902 B2

FlG. 2 *—fh'{m'\?—fﬂ}m\— _ %’Q‘U\

10\,\\ 20— I>__ 17 72 V 14 ‘

. " 71

19~ X
Y
AD ~21 [5
- /X

4 FIR- 2~ [~ _ 213
__RI~™
[8 FIR- 7~ |~_ 57 2 70
Y, N

\ 23 A 53 |
22< \ (§T 3 i SDA

=8/ FR- o FIR-
Degree 3 ~~| _ |Degree 3

34z I P AN

{_/
R- 2 R- ~

Degree |~ 59‘Degreel 9
56 P i

FIR- ~ FIR- 7
Stages > 1 0| [Stages > 1.7
-

|
[IR- 7 [R- 2
Degree 2/47| _ Degree 2/47

P B
[IR- & [R-
Degree 2/47|  [Degree 2/47
\

SN2 ¥—~_-37 SNl ¥—— 36
X [Re] y [Im]




U.S. Patent Sep. 23, 2014 Sheet 4 of 5 US 8,841,902 B2

29-29"

27 < DY DS ~—1m’
| <33 39




U.S. Patent Sep. 23, 2014 Sheet 5 of 5 US 8,841,902 B2

sp 4 o JSE
L
0 1015 i f [kHz]
fm
Input Signal
|
A 0 ’ 0
fee A
0 1015 T 5000 f [kHz]
Band Pass Filtering 2 x fa'

and Scanning with fa' x 2

FIG. 4B *

N

Frequenctes in ~ Frequencies in
Origmal Position  Reverse Position

‘ SD o ?_ . _? ? D 0
| Nm' | tm' ] T i
0 182 i 833 1015 ' A
fm' f fa"  fm etz ]
|

Scan Rate Reduction to fa" and Conversion to fm'

FIG 4C

%m@&ﬂ (frm')

S2 Real Portion n A Imaginary Portion
gh
0 364 833 i [kHz]
2 fm'’ fa'
E

Demodulation, Low-Pass Filtering and
F l G 4 D Additional Scan Rate Reduction



US 8,841,902 B2

1

TESTING DEVICE AND TESTING METHOD
FOR NON DESTRUCTIVE DETECTION OF A
DEFECT IN A TEST PIECE BY MEANS OF AN

EDDY CURRENT

CROSS REFERENCE TO RELATED
APPLICATION

This application 1s a conversion of provisional application
61/588,730 which was filed on Jan. 20, 2012.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This application relates to a test set-up and a test method for
non-destructive detection of a flaw 1n a device by means of an
eddy current testing.

2. Description of Related Art

In a test set-up, an electromagnetic signal 1s produced in the
device being tested that has an electrical conductivity. Eddy
currents form 1n the device being tested and are picked up.
Changes 1n these eddy currents around the flaw are analyzed.

International Patent Application Publication WO 2006/
007826 Al describes a device for non-destructive and con-
tact-free detection of flaws 1n a device under test. In this case,
a probe signal 1s scanned by means ol an analog-digital-
converter stage to form a demodulated digital measuring sig-
nal from the digitalized signal. The analog-digital-converter
stage 1s triggered with a whole fraction of a frequency of a
carrier oscillation.

UK Patent Application Publication GB 2 457 496 A deals
with a system for detection of defects by means of eddy
currents. A driver signal generates eddy currents in a test
object. A measuring signal 1s digitalized by means of an
analog-digital converter and then demodulated. Four or eight
signal values are digitalized and demodulated per period of
the measuring signal.

SUMMARY OF THE INVENTION

A primary object of this application 1s to provide a test
set-up and a test method for non-destructive detection of a
flaw 1n a device being tested by means of an eddy current, 1n
which the accuracy of the analysis 1s increased.

This object 1s achieved with the test set-up and method
described below.

In one embodiment, a test set-up for non-destructive detec-
tion of a flaw 1n a device being tested by means of an eddy
current comprises an excitation coil, a receiving coil, an ana-
log-digital converter, a filter arrangement, and a demodulator.
An excitation signal can be sent to the excitation coil to act on
the device being tested with an electromagnetic alternating,
field. The recerving coil 1s designed to generate a coil signal
that 1s a function of the flaw 1n the device under test. The
analog-digital converter 1s coupled to the receiving coil on the
input side. The filter arrangement 1s coupled to the analog-
digital converter on the input side and designed for band-pass
filtering and scan frequency reduction. The demodulator 1s
coupled to an output of the filter arrangement on the mput
side.

Filtering and demodulation advantageously take place
digitally. Thus, analog components that are expensive 1n price
are reduced. A value of a demodulator input signal that 1s sent
to the demodulator 1s generated from several values of a
converter output signal provided by an analog-digital con-
verter. In this case, a converter scan frequency of the analog-
digital converter can be set so high that the coil signal 1s
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overscanned. Thus, high accuracy 1n the detection of the coil
signal 1s achuieved. The accuracy 1s preserved by the band-pass
filtering and scan frequency reduction so that a demodulator
output signal 1s also determined very precisely at the output of
the demodulator.

In one embodiment, the analog-digital converter 1s
designed to provide the converter output signal with the con-
verter scan frequency. The filter arrangement 1s designed to
convert the converter output signal into the demodulator input
signal with a reduced scan frequency. The reduced scan fre-
quency 1s smaller than the converter scan frequency by a
reduction factor of R. The demodulator 1s designed to
demodulate the demodulator input signal. The reduction fac-
tor 1s preset. The reduction factor can be adjustable. Advan-
tageously, a slow demodulator 1s adequate.

In one embodiment, the filter arrangement comprises a
band-pass filter, which 1s coupled to the analog-digital con-
verter on the input side and to the demodulator on the output
side. The band-pass filter 1ssues an input signal.

In one embodiment, the filter arrangement 1s designed to
provide only one value as the demodulator input signal for the
scan frequency reduction out of a first number P of values of
the input signal. In this case, the first number P 1s an integer
and 1s greater than or equal to 1. By the selection of the Pth
value, an scan effective frequency reduction 1s achieved.

In one embodiment, the first number P 1s less than a reduc-
tion factor of R. The filter arrangement can be designed in
multiple stages. At least two stages of the filter arrangement
can be designed for scan frequency reduction. One stage of
the filter arrangement can implement the selection of the Pth
value.

In one embodiment, a scan frequency of the input signal 1s
a rational multiple MIN of an excitation frequency of the
excitation signal. The mput signal has a first number M of
values during a second number N of periods of the excitation
signal. The first number M and the second number N are
integers. The first number M and the second number N are
usually different.

In one embodiment, the filter arrangement comprises an
input filter, which 1s coupled to the band-pass filter on the
input side and has the first number M of low-pass filter
arrangements. The mput filter 1n each case sends one of the
first numbers M of values of the input signal to one of the first
numbers M of the low-pass filter arrangements. The demodu-
lator 1s coupled to an output of the input filter on the mput
side. Advantageously, a high flexibility 1s present in the analy-
s1s of the coil signal by the selection of the first number M and
the second number N. The scan frequency of the input signal,
which corresponds to the scan frequency of the demodulator,
1s limited upward. I for example, a higher value of the exci-
tation frequency 1s selected, the rational ratio between the
input signal and the excitation signal can be set in such a way
that the mnput signal has only small values during a large
number of periods of the excitation signal. If, however, the
excitation frequency 1s set to a low value, the rational ratio can
be set 1n such a way that the input signal has a high number of
values during a few periods. As a result, the test set-up can be
set 1n such a way that at any selected excitation frequency, as
many values of the mput signal per time unit as possible are
analyzed. Since the scan frequency of the demodulator 1s the
MIN-multiple of the excitation frequency, the demodulation
can take place by changing a factor of MIN 1n various phase
angles of the excitation signal. The analysis of the coil signal
1s thus not limited thereto so that 1t is performed only, for
example, at 90° and 270° of the sinusoidal excitation signal.
This results 1n high accuracy 1n the analysis of the coil signal.




US 8,841,902 B2

3

Advantageously, the analog-digital converter, abbreviated
AD converter, 1s 1implemented separately from the digital
demodulator.

As a first number M and as a second number N, only
integers that are free of a common whole factor, which 1s
greater than 1, can be considered.

In one embodiment, the second number N 1s greater than 1.
Thus, the analysis 1n the case of different phase angles of the
excitation signal 1s carried out 1n two or more than two suc-
cessive periods of the excitation signal.

In one embodiment, the first number M 1s greater than 1.
Thus, at least two values 1n the second number N of periods of
the excitation signal are analyzed.

The first number M can take on, for example, only odd
numbers.

The excitation signal can be sinusoidal. Advantageously,
the proportion of harmonic waves 1n the excitation signal 1s
very low.

In one embodiment, a test method for non-destructive
detection of a flaw 1n a device being tested by means of an
eddy current comprises acting on the device being tested with
an electromagnetic alternating field by means of an excitation
coil. An excitation signal 1s sent to the excitation coil. Fur-
thermore, a coil signal, which 1s a function of the flaw 1n the
device under test, 1s generated by means of a receiving coil. A
converter output signal 1s provided by digitalization of the
coil signal. A demodulator input signal 1s generated by filter-
ing the converter output signal with a band-pass filter char-
acteristic as well as a scan frequency reduction. The demodu-
lator 1input signal 1s demodulated by means of a demodulator.

Advantageously, the digitalization and the demodulation
are performed at different rates. Thus, a high converter scan
frequency can be achieved during digitalization, so that the
Nyquist-Shannon sampling theorem can be maintained. By
means of band-pass filtering and scan frequency reduction, a
precise demodulator mput signal can be generated. Thus, a
high flexibility 1s provided to select the scan frequency cor-
responding to the excitation frequency. Consequently, a high
accuracy can be achieved in the analysis of the coil signal.
Advantageously, a further processing of the demodulator
input signal 1s made possible with a slow-operating digital
demodulator. Advantageously, a further processing of the
demodulator mput signal 1s made possible with a slow-oper-

ating digital demodulator

In one embodiment, the test method comprises a digital
demodulation with frequency conversion. The test method
has a modulo demodulation.

In one embodiment, an analog-digital converter performs
the digitalization 1n the converter scan frequency. The con-
verter scan frequency can be at least twice the excitation
frequency. Thus, the converter scan frequency can be set so
high that an underscanning of the coil signal 1s avoided.

The invention 1s explained 1n more detail below based on
the figures which show several embodiments and in which
components, switch parts and operating blocks that are the
same 1n function or action bear the same reference numbers
and when components, switch parts and operating blocks
correspond 1n their function, their description 1s not repeated.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A to 1C show an exemplary embodiment of a test
set-up,

FIG. 2 shows another exemplary embodiment of a test
set-up,

FIGS. 3A and 3B show exemplary embodiments of details
of a test set-up, and

FIGS. 4A to 4D show an exemplary view of frequency
spectra occurring in a test set-up.
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4
DETAILED DESCRIPTION OF THE INVENTION

FIG. 1A shows an exemplary embodiment of a test set-up
10. The test set-up 10 comprises a signal processor 11, which
has a generator 12. Furthermore, the test set-up 10 comprises
a digital-analog converter 13 and an excitation coil 14. An
output of the generator 12 i1s connected to an input of the
digital-analog converter 13. An output of the digital-analog
converter 13 1s coupled to the excitation coil 14. Furthermore,
the test set-up 10 comprises an excitation amplifier 15 that 1s
arranged between the output of the digital-analog converter
13 and the excitation coil 14. A device being tested 16 1s
arranged near the excitation coil 14. In addition, the test
set-up 10 has a receiving coi1l 17 and an AD converter 21. The
receiving coil 17 1s implemented as an absolute coil. The test
set-up 10 implements an absolute channel test method. The
receiving coil 17 1s located close to the device being tested 16.
An output of the recerving coil 17 1s coupled to an input of an
AD converter 21. Furthermore, the test set-up 10 comprises a
receiving amplifier 20, which couples the receiving coi1l 17 to
the AD converter 21. An amplification factor of the recerving,
amplifier 20 can be set by the signal processor 11.

The test set-up 10 has a filter arrangement 22, which 1s
downstream to the AD converter 21. The filter arrangement 22
comprises a low-pass filter 23, which 1s downstream to the
AD converter 21. Furthermore, the filter arrangement 22
comprises a decimation unit 24, which 1s downstream to the
low-pass filter 23. The filter arrangement 22 also has a band-
pass filter 25. The band-pass filter 25 1s connected to the
decimation unit 24 on the input side. In addition, the filter
arrangement 22 comprises another decimation unit 26, which
1s downstream to the band-pass filter 25. The filter arrange-
ment 22 thus comprises two filters 23, 25 that are connected
one behind the other. The filter arrangement 22 implements a
band-pass function. In addition, the filter arrangement 22
implements a low-pass function.

Moreover, the filter arrangement 22 comprises an input
filter 29. The test set-up 10 has a demodulator 27. The
demodulator 27 1s implemented as a digital demodulator. The
input filter 29 1s arranged between the band-pass filter 25 an
the other decimation unit 26 and the demodulator 27. A signal
input of the demodulator 27 1s coupled to an output of the
input filter 29. Furthermore, the filter arrangement 22 com-
prises a subtractor 31, which connects the input filter 29 to the
demodulator 27.

The demodulator 27 comprises first and second multipliers
32, 33, which are connected to the signal input and two
demodulator inputs 28, 28' of the demodulator 27. Further-
more, the demodulator 27 comprises a demodulator filter 34
and a demodulator decimation unit 35, which are downstream
to the first and second multipliers 32, 33. Moreover, the test
set-up 10 comprises a display 38, which 1s coupled to the
demodulator 27 on the input side. The test set-up 10 com-
prises a clock generator 39. The clock generator 39 1s coupled
to a clock mnput of the signal processor 11, a clock input of the
digital-analog converter 13, as well as a clock input of the AD
converter 21.

The test set-up 10 comprises an analog-digital converter
arrangement 18, abbreviated AD-converter arrangement. The
AD-converter arrangement 18 comprises the AD converter 21

as well as a portion of the filter arrangement 22, The AD-
converter arrangement 18 has the low-pass filter 23, the deci-
mation unit 24, the band-pass filter 25, and the other decima-
tion unit 26. The signal processer 11 comprises another part of
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the filter arrangement 22 and the demodulator 27. The signal
processor 11 has the input filter 29 and the subtractor 31.

The clock generator 32 provides a clock signal CLK with a
clock frequency CLK. The clock signal CLK 1s sent to the
AD-converter arrangement 18, the digital-analog converter
13, and the signal processor 11. The clock signal CLK thus
synchronizes the processes in the signal processor 11, the
digital-analog converter 13, as well as the AD-converter
arrangement 18. The generator 12 provides a generator signal
SEG 1n the form of digital values. The digital-analog con-
verter 13 generates a digital-analog-converter signal SDA
from the generator signal SEG. The digital-analog-converter
signal SDA 1s amplified by means of the excitation amplifier
15 and sent as an excitation signal SE to the excitation coil 14.
The rate at which the generator signal SEG provides digital
values to the digital-analog converter 13 can thus be at most
equal to the clock frequency 1, .. The values of the generator
signal SEG produce a sine function. In this case, the values of
the generator signal SEG are repeated after a number L of
values. The excitation signal SE has an excitation frequency
t .Fortheexcitation frequencyt , 1., .=L*t thusapplies.L
1s an 1integer. The signal processor 11 1s designed to select and
to set a value of the excitation frequency from an amount of
preset values of the excitation frequency 1.

A coil signal SP can be picked up on the receiving coil 17.
The coil signal SP 1s amplified by the receiving amplifier 20
and sent to the AD converter 22 as an amplified coil signal SP'.
The AD converter arrangement 18 generates an iput signal
SDE from the coil signal SP or the amplified coil signal SP'.
The mput signal 1s a digital signal. To this end, the AD
converter 21 converts the amplified coil signal SP' mnto a
converter output signal SW. The AD converter 21 scans the
amplified coil signal SP' at a converter scan frequency f . The
converter scan frequency 1, 1s equal to the clock frequency
t,., - 01 the clock generator 31. The coil signal SP 1s scanned
at constant intervals. The time interval between two scan
times 1s 1/1, and 1s constant. The converter scan frequency 1
1s independent of the value of the excitation frequency 1 and
also remains constant during a change of the excitation fre-
quency t .

The filter arrangement 22 generates a demodulator input
signal SD from the converter output signal SW. To this end,
the converter output signal SW 1s filtered by means of the
low-pass filter 23 and converted with respect to the scan
frequencies by means of the decimation unit 24. The decima-
tion unit 24 implements conversion of a high scan frequency
to a low scan frequency, 1.e., down-sampling. The thus gen-
erated signal 1s filtered by means of the band-pass filter 25 and
converted again with respect to the scan frequency by means
of the additional decimation unit 26.

The mput signal SDE that is provided by the AD converter
arrangement 18 thus has a scan frequency 1. The scanratet .
of the mput signal SDE 1s less than the converter scan rate .
In this case, the following holds true: t =R, *f ., whereby R,
1s a first reduction factor. The first reduction factor R, 1s an
integer or a rational number. In this case, R,>0. The signal
processor 11 controls the filter arrangement 22, 1n particular,
the decimation unit 24 and the band-pass filter 25, via control
lines. The mput signal SDE reflects values that are generated
at 1dentical time intervals. The time interval between two
values of the input signal SDE 1s 1/f .. The time interval 1s
constant.

The mput signal SDE 1s sent to the input filter 29. The input
filter 29 1s implemented as a low-pass filter. The scan fre-
quency 1 _, of the input signal SDE 1s selected 1n such a way
that a first number M of values occurs 1n a second number N
of periods of the excitation signal SE. The input filter 29 filters
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the 1input signal SDE 1n an in-phase manner. On the output
side, the input filter 29 provides a short-term signal low-pass
filter SK and a long-term signal low-pass filter SL by low-pass
filtering with a short and/or long time constant. The short-
term signal low-pass filter SK and the long-term signal low-
pass filter SL are sent to the subtractor 31. The subtractor 31

provides, on the output side, a demodulator input signal SD,
which 1s a function of a difference between the short-term

signal low-pass filter SK and the long-term signal low-pass

filter SE The demodulator mput signal SD 1s fed to the
demodulator 27.

The signal processor 11 provides two demodulator signals
DS, DS' in the form of sine values or cosine values to the first
and second multipliers 32, 33 via the demodulator inputs 28,
28'. The provision of the sine and cosine values by the signal
processor 11 1s done with the scan frequency 1 . of the input
signal SDE. In this case, the sine value and the cosine value,
which are sent to the first and second multipliers 32, 33, form
a sine oscillation or a cosine oscillation with the excitation
frequency 1 . The plot of the sine values of the demodulator
signal DS, which are sent to the first multiplier 32, thus
corresponds to the phase response of the generator signal
SEG provided by the generator 12. The demodulation fre-
quency of the demodulator signal DS, DS' 1s thus the excita-
tion frequency 1 . The first multiplier 32 multiplies the
demodulator signal DS in the form of sine values with the
demodulator input signal SD. However, the second multiplier
33 multiplies the othe demodulator signal DS' 1n the form of
cosine values with the demodulator input signal SD. The first
demodulator output signal S1 provided by the first multiplier
32 and the second demodulator output signal S2 provided by
the second multiplier 33 are filtered by means of the demodu-
lator filter 34 and the demodulator decimation unit 35 and
reduced relative to the scan frequency and i1ssued as first and
second wanted signals SN1, SN2 to first and second wanted
signal outputs 36, 37 of the demodulator 27. The first wanted
signal SN1 reflects the imaginary portion, and the second
wanted signal SN2 reflects the real portion of the wanted
signal.

The first and second wanted signals SN1, SN2 are depicted
as points on the display 38. In this case, an X coordinate of the
point corresponds to the first wanted signal SN1, and a 'Y
coordinate of the point corresponds to the second wanted
signal SN2. If the device being tested 16 has a tlaw, the values
that occur after one another 1n time of the first and second
wanted signals SN1, SN2 form a loop on the display 38. I the
device being tested 16, however, does not have any flaws 1n
the area of the transceiver coil 14, 17, the first and second
wanted signals SN1, SN2 will generate points close to a
coordinate origin on the display 38. The signal processor 11
implements the input filter 29, the subtractor 31, as well as the
demodulator 27 by means of a software-implemented
method. The signal processor 11 performs the method for
processing the mput signal SDE on-line. The low-pass filter
23, the band-pass filter 25, and the demodulator filter 34 are
designed as finite impulse response filters, abbreviated FIR
filters. The 1nput filter 29 1s 1mplemented as an infinite
impulse response filter, abbreviated IIR filter.

In an alternative embodiment of the filter arrangement 22
that 1s not shown, the low-pass filter 23 and the decimation
unit 24 are itegrated 1n a unit.

In an alternative embodiment of the filter arrangement 22
that 1s not shown, the band-pass filter 25 and the other deci-
mation unit 26 are combined into one unit.

In an alternative embodiment, not shown, a frequency
divider 1s arranged between the clock generator 39 and the
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AD converter 21, which divides the clock frequency -, .- with
a whole factor L1. Thus, the following holds true:
;=1 *L1.

In an alternative embodiment, not shown, the filter arrange-
ment 22 1s divided into the AD converter arrangement 18 and
the signal processor 11 in a different way.

In an alternative embodiment, not shown, the test set-up 10
comprises a filter component, which comprises at least one
portion of the filter arrangement 22. The filter component can
implement, for example, the mput filter 29.

In an alternative embodiment, not shown, the test set-up 10
comprises an anti-aliasing filter, which 1s arranged between
the receiving coil 17 and the input of the AD converter 22. The
anti-aliasing filter 1s implemented as a recetving low-pas {il-
ter. The filter can be referred to as an anti-scan-interference
filter.

FIG. 1B shows an exemplary embodiment of the input filter
29, as 1t can be implemented 1n the test set-up 10 according to
FIG. 1A. The mnput filter 29 comprises the first number M of
low-pass filter arrangements 40, 41, 42. A first low-pass filter
arrangement 40 comprises a first short-term low-pass filter 43
and a first long-term low-pass filter 44. A second low-pass
filter arrangement 41 correspondingly comprises a second
short-term low-pass filter and a second long-term low-pass
filter 45, 46. Furthermore, the mput filter 29 comprises addi-
tional short-term and long-term low-pass filters. Finally, an
Mth low-pass filter arrangement 42 comprises an Mth short-
term low-pass filter 47 and an Mth long-term low-pass filter
48. In addition, the input filter 29 comprises an iput switch
49 as well as an output switch 50 and another output switch
51. The input switch 49 couples the filter input 30 of the input
filter 29 alternately to the mput of the first, the second, up to
the Mth low-pass filter arrangement 40, 41, 42. The mnput of
the first low-pass {filter arrangement 40 1s connected to the
input of the first short-term low-pass filter 43 and the input of
the first long-term low-pass filter 44. The equivalent applies
for the second up to the Mth low-pass filter arrangement 41,
42.

The signal processor 11 controls the imnput switch 49 with a
control signal SC 1n such a way that the first value of the first
number M of values of the input signal SDE of the first
low-pass filter arrangement 40 1s sent to the second value of
the second low-pass filter arrangement 41 as well as the Mth
value of the Mth low-pass filter arrangement 42. The same 1s
repeated with the next M values of the mnput signal SDE, 1.¢.,
in the following periods of the excitation signal SE. The
short-term low-pass filters 43, 45, 47 filter the respective
value of the input signal with a short time constant compared
to a time constant of the long-term low-pass filters 44, 46, 48.
The short-term low-pass filters 43, 45, 47 forward a first
number Z1 of the periods of the excitation signal SE. How-
ever, the long-term low-pass filters 44, 46, 48 forward a
second number Z2 of periods of the excitation signal SE. In
this case, the following holds true: Z1<72.

The output switch 50 alternately switches an output of the
first short-term low-pass filter 43, an output of the second
short-term low-pass filter 45, and an output of the Mth short-
term low-pass filter 47 to the first input of the subtractor 31.
Synchronously, the additional output switch 351 alternately
switches an output of the first long-term low-pass filter 44, an
output of the second long-term low-pass filter 46, and an
output of the Mth long-term low-pass filter 48 to the second
input of the subtractor 31. At the output of the subtractor 31,
the difference between the short-term signal low-pass filter
SK and the long-term signal low-pass filter SL of the first
low-pass filter arrangement 40 thus 1s present as the demodu-
lator input s1ignal SD, and then the difference between the two
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output signals of the second low-pass filter arrangement 41 up
to the difference between the two output signals of the Mth
low-pass filter arrangement 42 are available.

The mput filter 29 thus implements a phase-separated low-
pass filtering of the first number M of values of the mput
signal SDE. By the subtraction by means of the subtractor 31,
the even component 1n each of the first number M of values of
the input signal SDE 1s minimized, and only the alternating
component 1s fed to the demodulator 27. Advantageously,
very high noise suppression 1s achieved by means of the input
filter 29 by the 1in-phase low-pass filtering of the first number
M of values of the iput signal SDE.

In an alternative embodiment, the input filter 29 1s 1imple-
mented as an FIR filter.

The mput filter 29 can optionally also be designed for scan
rate reduction. The short- and long-term low-pass filters 43 to
48 can produce a scan rate reduction.

FIG. 1C shows a graphic depiction of the harmonic
demodulation, as it 1s implemented by means of the 1nput
filter 29. The input signal SDE that 1s provided by the AD

converter arrangement 18 1s shown 1 magmitude and phase
here. By way of example, 1n this connection, the relationships
for a first number M=3 and a second number N=1 are shown.
While the excitation signal SE runs through the second num-
ber N=1 period, the AD converter arrangement 18 provides
the first number M=3 values of the mput signal SDE. In this
case, the first value of the first number M of values 1s sent both
to the first short-term low-pass filter 43 and also to the first
long-term low-pass filter 44. Accordingly, the second and
third values of the first number M of values are sent to the
second short-term and/or long-term low-pass filters 45, 46 of
the second low-pass filter arrangement 41 or to the Mth short-
term low-pass filter 47 and the Mth long-term low-pass filter
48 of the Mth low-pass filter arrangement 42. A short-term
signal low-pass filter SK 1n the example at the output of the
first short-term low-pass filter 43 can be calculated such that:

!

SK =5K +5DE — ST

whereby SK 1s the current value of the short-term signal
low-pass filter, SK' 1s the previous value of the short-term
signal low-pass filter, SDE 1s the current value of the input
signal, and M 1is the first number.

The scan frquency 1. of the input signal SDE has a rational
ratio to the excitation frequency tm. The rational ratio can be
calculated according to the following equation:

f.~M/N,

By way of example, FIG. 1C depicts additional values for
the rational ratio between the scan frequency 1. and the
excitation frequency 1.

A conventional digital demodulation can be performed
using the following equations:

1
Sl = —- SDE - s1 d
- Zﬂ:[ sin{cwrt)] an
5 = Z [SDE ]
_— . . I’
02 cos(wr)
with w =2 f,
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Primarily, however, the alternating component of the two
signals S1', S2' 1s advantageous. The first signal S1, which
reproduces the alternating components, can be calculated
with the following equations:

1 1
S1 = — SDE - )] — —
— ;: | s1n{¢ot) | n2 4

|ISDE-sin(wt)] with w =2 f,

In this case, the following holds true: n2>nl. For the first
demodulator output signal S1 that 1s digitalized with the scan
rate 1a', the following 1s produced:

1 & dem- fm-in| 1
—-Z(SDE;-sin Jm ] .
| =) ﬁl B

a2 ;e fmeiy
Z (SDEg-sm ]
| i=0 fa ]

Since the scan frequency 1a', also called sample frequency,
for demodulation frequency, which 1s 1dentical to the excita-
tion frequency Im, 1s 1n a harmonic ratio, the first number M
of angles 1s produced during the second number N of periods
of the excitation signal SE. The following are produced with

fa'*N=1tm*M:

1 (SDE .z-n-N-f] 1
_.; I.Sln M _E.

Z (SDE | Q-n-N-f]
- sin—p

| i=0)

When addition 1s done over whole periods of the excitation
signal SE, the angle factors can be written before the differ-
ence:

M _

51=Z -

n=1 -

Z1 22 3
[Z SDE, ,, — Z SDE,, | := A,
z=0 7=0 /

In this case, Z1 1s a first number of periods and 72 1s a
second number of periods of the excitation signal SE, over
which averaging 1s done. A, 1s the alternating component.
Correspondingly, the second signal S2 1s calculated by using
the cosine function instead of the sine function.

The AD converter arrangement 18 performs the analog-
digital conversion, for example, with 24-bit resolution. The
low-pass filter arrangements 40, 41, 42 in the mput filter 29
have, for example, an accuracy o132 or 40 bits. The subtractor
31 1s designed to scale the demodulator input signal SD to, for
example, 16 bits. To process the alternating component A 1n
the demodulator 27, a computational accuracy of, for
example, 16 bits, 1s adequate. The demodulator 27 calculates
the real and 1maginary portions of the first and second signals
S1, 52, and 1t implements post-filtering of the real and 1magi-
nary portions for generating the wanted signals SN1, SN2.

Because of the rational ratio M/N between the scan rate {a'
and the excitation frequency Im, the scan frequency 1a' can
advantageously be matched to the excitation frequency fm.
The excitation frequency fm can be converted between preset
values during operation. The rational ratio M/N 1s set as a
function of the value of the excitation frequency fm. The
rational ratio M/N 1s reduced with an increasing value of the
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excitation frequency Im. The rational ratio M/N 1s set in such
a way that the scan frequency fa' 1s smaller han a maximum
scan rate that can be processed by the signal processor 11. In
this case, the rational ratio M/N 1s set 1n such a way that the
interval between the scan frequency fa' and the maximum
scan Irequency that can be processed by the signal processor
11 15 as small as possible.

Advantageously, a table 62 1n the signal processor 11,
which contains the first number M of sine values and cosine
values, 1s adequate for the storage of the demodulator signals
DS, DS'at an excitation frequency fm. Also, for several preset
values of the excitation frequency Im, the storage requirement
for the table 62 1n the signal processor 11 1s low. The test
set-up 10 implements a harmonic demodulation. The har-
monic demodulation with sliding mean value formation
makes 1t possible for a signal processor 11 that 1s designed for
low processing speeds to be adequate for the signal process-
ing. In the signal processor 11, only multiplications with
sine/cosine table values and simple computation operations
are performed.

FIG. 2 shows another exemplary embodiment of the test
set-up 10, which 1s a further development of the test set-up
shown 1n FIG. 1A. The test set-up 10 comprises an excitation
low-pass filter 70, which 1s arranged between the digital-
analog converter 13 and the amplifier 15. The excitation sig-
nal SE 1s designed as a current that flows through the coil 14
to a reference potential connection 71. The receiving coil 17
1s arranged between the reference potential connection 71 and
the mput of the recerving amplifier 20. Another receiving coil
72 of the test set-up 10 1s arranged 1n series with the receiving
coil 17. The recerving coil 17 and the additional receiving
coils 72 thus form a differential coil arrangement. A series
connection, comprising the receiving coil 17 and the addi-
tional recerving coil 72, couples an iput of the recerving
amplifier 20 to the reference potential connection 71. The test
set-up 10 thus implements a differential channel test method.
Therecerving amplifier 20 thus ensures pre-amplification. An
anti-aliasing filter 19 of the test set-up 10 couples the receiv-
ing amplifier 20 to the AD converter 21. The anti-aliasing
filter 19 1s implemented as a receiving low-pass filter. The
amplified coil signal SP' 1s thus generated from the coil signal
SP by amplification by means of the receiving amplifier 20
and by filtering by means of the anti-aliasing filter 19.

The filter arrangement 22 comprises a signal processing,
system 29'. The signal processing system 29'1s arranged at the
position of the mput filter 29 that 1s depicted 1n FIG. 1A. The
signal processing system 29' couples the band-pass filter 25 to
the demodulator 27. The signal processing system 29' has a
conversion system 29". The conversion system 29" 1is
designed to provide only one value as the demodulator 1nput
signal SD to the scan frequency reduction of a first number P
of values of the input signal SDE. In this case, the first number
P 1s an imteger and 1s greater than or equal to 1. In one
embodiment, the first number P 1s greater than 1 . The signal
processing system 29' performs this at high and mean values
of the excitation frequency Im.

The signal processing system 29' 1s adjustable. If the exci-
tation frequency Im has a low value, the signal processing
system 29' activates a signal low-pass filter 29". The signal
processor 11 thus performs different method steps for signal
processing of the mput signal SDE depending on the value of
the excitation frequency Im. While at high and mean values of
the excitation frequency tm ol P values, only one value of the
input signal SDE 1s passed on, at low values of the excitation
frequency Im, the input signal SDE 1s low-pass-filtered with
an FIR characteristic 29'". The signal processing system thus
comprises the conversion system 29" for high and mean exci-
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tation frequencies Im and the signal low-pass filter 29" for
low excitation frequencies fm.

The filter arrangement 22 has an additional low-pass filter
52, which 1s downstream of the low-pass filter 23. Further-
more, the filter arrangement 22 has an output low-pass filter
53 as well as a switch device 54. The switch device 54
switches either the band-pass filter 25 or the output low-pass
filter 53 between the additional low-pass filter 52 and the
signal processing system 29'. The band-pass filter 25 ensures
signal band limitation before demodulation.

The demodulator filter 34 comprises two filter ladders 35,
56 that are separated from one another. A first filter ladder 55
couples the output of the first multiplier 32 to the first wanted
signal output 36 of the demodulator 27. However, a second
filter ladder 56 couples the output of the second multiplier 33
to the second wanted signal output 37 of the demodulator 27.
The first and the second filter ladders 55, 56 are implemented
identically.

The signal processing system 29' has an accuracy of 32
bits. The demodulator 27 1s designed for a 32-bit accuracy.
The word length 1n the demodulator 27 1s 32 bits. The sine
table that 1s used 1 the demodulator 27 1s 16 bits long. The
first filter ladder 55 has a band-rejection filter 57. The band-
rejection filter 57 1s downstream to the first multiplier 33. A
high-pass filter 58, a low-pass filter 59, another high-pass
filter 60 as well as another low-pass filter 61 are downstream
to the band-rejection filter 57. The band-rejection filter 57 and
the low-pass filter 59 are implemented as FIR (Finite Impulse
Response) filters. The high-pass filters 58, 60 as well as the
additional low-pass filter 61 are implemented as IIR (Infinite
Impulse Response) filters. The first wanted signal SN1 1ndi-
cates the 1maginary portion, and the second wanted signal
SN2 indicates the real portion of the wanted signal.

The demodulation method 1s implemented 1n a purely digi-
tal manner. The site of the digitalization 1s advantageously
made the focal point as much as possible at the beginning of
the signal processing ladder. This results 1n a savings of
expensive analog circuits. Directly after the pre-amplification
of the coil signal SP and after the anti-aliasing filter 19, the
analog-digital conversion takes place in the AD converter 21.
The anti-aliasing filter 19 can also be referred to as a rece1ving
low-pass filter. The parameters of the anti-aliasing filter 19 are
rigidly set. Since the conversion scan frequency fa1s constant,
the limiting frequency of the recerving low-pass filter 19 can
be constant and also 1s not changed in an alteration of the
excitation frequency fm. The AD convertor 21 can be imple-
mented as a sigma-delta converter. In an exemplary embodi-
ment, the AD converter arrangementl8 1s implemented by
means of the component AD7760 of Analog Devices. With
the AD converter arrangement 18, the quantization as well as
up to three FIR filter stages 23, 52, 25 or 23, 52, 53 that are
connected behind one another are implemented for band limi-
tation and scan frequency reduction. The filter stages are
adjustable. The band-pass filter 25 or the output low-pass
filter 53 1s freely programmable by downloads of at most 96
coellicients.

The signal processor 11 performs the complex sine/cosine
demodulation and the additional signal processing. The digi-
tal input signal SDE 1s real-valued and requires only a signal
path. The analog circuit expense 1s reduced to one-half com-
pared to a real-valued and imaginary-valued digital input
signal. Advantageously, because of the few necessary com-
ponents, a savings 1n cost and a very compact structure are
made possible. Moreover, digital antecedents 1n comparison
to analog circuits have a higher accuracy and are subject to
smaller fluctuations.
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The band-pass 25 can have, for example, the following
values: converter scan rate f =5000 kHz, pass-band frequen-

cies of 980 kHz to 1020 kHz, stop-band frequencies of 750
kHz to 1250 kHz, pass-band tluctuation 0.1 (-dB), stop-band
fluctuation 120 (-dB), filter length 96, 32-bit floating point
calculation, FIR (equiripple) design. Advantageously, the
narrow band limitation and the high attenuation 1n suppressed
band in the band-pass 25 produce a dynamic gain by reduc-

tion of noise and high noise immunity. Superpositions of
outer band-interfering signals by folding are advantageously
suppressed after the scan rate reduction.

The signal processor 11 generates the excitation frequency
fm and the demodulation frequency of the demodulation sig-
nals DS, DS' from the clock signal CLK. The excitation
frequency 1 _, the demodulation frequency of the demodula-
tion signals DS, DS' and the scan frequency 1, of the AD
converter 21 are synchronous to one another and are set
exactly. The demodulation frequency 1s the frequency with
which the sine and cosine values are provided to the demodu-
lator 27. Thus, advantageously, no beats occur. Also, the clock
signal CLK, the excitation signal SE, as well as a trigger
signal of the AD converter 21, which has the converter scan
rate T _, are synchronous to one another. The excitation signal
SE has a phase offset. With the phase offset, the running time
in the filter arrangement 22 1s compensated, so that no phase
rotation 1s present between the demodulator input signal SD
and the demodulator signal DS, DS'.

To generate the excitation signal SE with the excitation
frequency 1, the direct digital synthesis method, abbreviated
DDS method, 1s used with a sine table and phase accumulator.
In atable with 2°*" entries of SinTab and a phase accumulator
with N1-bit word width, sine values with the clock frequency
t; - are output according to the following equations:

Sin(QJr- Jm -.i] = SinTab[g; -2~ WM,
fCLK
SinTab[{] —Sin(ﬂ -r,'] with i = 0, 1 oML _
- QMI - " 5 mrE 0w "
a; = (i-n)mod2™!,
o = 0
a1 = (@ +mmod2™! withi=0,1,... ,Nl und N1 = M1,
fCLK

In this case, n 1s the phase increment. The length of the sine
table does not have any effect on the frequency accuracy,
which by 1tself 1s fixed by the accumulator word width N1 and
is f.., /2" . If n is a whole multiple of 2™""*", the output table
values correspond exactly to the scan times of the desired sine
function. As a deviation, because of the discrete amplitude
stages, a quantization noise with the standard deviations s for
rounded table values and a signal-to-noise ratio SNR are
produced according to the following equation:

And

/3
SNR:QD-mg[ 5 -zb]:6-b+1.8 [dB]
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whereby the table word width b 1s 1n bits. In all other values of
n, the cutting of the non-integer table indices [a,*2~1-1)]
results 1n a phase error, which produces an additional noise
component in the output 1n the form of an amplitude error that
1s modulated with the excitation frequency fm. For small
phase errors ep, the following are produced for the digital-
analog-converter signal SDA of the digital-analog converter

13:

sin| 27 - e - +€p(f)-CDS[2ﬂ-ﬂ-f]

fCLK fCLK

i+ Ep(.i)] = 5111[23?-

fCLK

Because of the periodicity of the deviation, the error signal
in this case has a discrete line spectrum. As an estimate of the
distance between the maximum heights of all possible spec-
tral lines of the phase error and the sine amplitude, the fol-
lowing holds true for any n 1n good approximation of the
spurious-iree dynamic range SFDR:

SFDR=6-M1-4 [dB]

Another special case with discrete spectral proportions 1s
obtained when the excitation frequency fm of the sinusoidal
excitation signal SE 1s a subharmonic of the clock frequency
{7z, 1.€., I, - 15 @ whole multiple of fm. Then, the energy of
the quantization error 1s divided 1nto a few spectral lines of the
harmonics of the excitation frequency Im with considerably
higher amplitudes than the theoretical value for equally-dis-
persed noise. To avoid later intermodulation interference,
additional discrete frequency proportions should be as small
as possible.

For a 14-bit digital-analog converter 13, a 16k table with
2'* entries with 14-bit word length is adequate. The ampli-
tude-quantization noise 1s then —86 dB and with the presence
of phase noise, the maximum spectral line of the error signal
1s at most —80 dB relative to the sine amplitude. Thus, only a
single rigid analog excitation low-pass filter 70 1s required as
a reconstruction low-pass filter; a rigid clock frequency 1, .-
1s used. To ensure the synchronicity and to reduce the circuit
expense for the excitation low-pass filter 70, the 20 MHz
clock of the AD converter 21 1s also used as a clock signal
CLK with the clock frequency 1. . With a maximum exci-
tation frequency of Im=1 MHz and an attenuation in sup-
pressed band of 60 dB 1n the half clock trequency 1, /2, a
degree 3 excitation low-pass filter 70 with an edge steepness
of 18 dB/octave 1s suitable. By the high scan rate of the
digital-analog converter 13, 1n addition a low maximum
amplitude deviation 1s also achieved because of the step func-
tion and the weighting G according to the following equation:

T fm
fCLK

(r = sin( ;Cf;]

The deviation 1s —0.04 dB for the ratio 1., ./tm=20. Taking

into consideration the described requirements and criteria
when selecting a decimal-geometric gradation with a factor
of Q=10"*, theresultof1,1.3,1.6,2,2.5,3.2,4,5,6.3, 8, 10,
which represents a third gradation, and thus a table with a total
of 41 excitation frequencies Im 1n the required range of 100
Hz to 1 MHz, 1s produced for k=10 values per decade. In this
case, the excitation frequency fm and the demodulation fre-
quency are exactly identical. Advantageously, the expense for
the tables and filters 1s low. For the individual frequencies, in
cach case the values are used that lie closest to the exact
numerical values Q" ". Thus, the necessary resolution is also
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achieved at the low frequencies; the phase accumulator 1n the
generator 12 has a word width of 32 bits. While no phase error
occurs 1n the upper frequency range of the excitation fre-
quency Im of 1 MHz to 16 kHz, at the low frequencies, 1t 1s
reduced below 4 kHz of the entire signal-to-noise ratio to
approximately 67 dB as a result of the phase noise. In the
demodulation, because of the narrow band limitation, higher-
frequency interference 1s all the more strongly suppressed the
lower the excitation frequency Im is. At the frequencies 312
kHz, 20 kHz, 10 kHz and 5 kHz with integer ratio fa'/im, the
spectral lines of the harmonics are under a level of —100 dB
because of the high overscanning. In an integerratiof /i, the
clock frequency 1, 1s a whole multiple of the excitation
frequency 1 .

As a result of the coil error voltage, the demodulation also
produces a frequency component 1n the double demodulation
frequency fm' 1n addition to the even component, and said
demodulation frequency fm' 1s suppressed by the degree 3
linear-phase FIR band-rejection filter 57, 57" with only four
coellicients. An accuracy of 16 bits for the coellicients 1s
advantageously adequate.

Also, 1n the demodulation, 16-bit sine/cosine table values
are used, since the additional spectral component thus gener-
ated 1s below —120 dB atthe basic frequency. The use of Table
62 1s faster than a calculation of the sine and cosine values. In
a longer table 62, a finer setting of the demodulation fre-
quency 1s possible, for example, 800 kHz with 69/256. With
the subsequent degree 1 recursive high-pass filter 38, 58', the
even component that 1s produced by the coil error voltage 1s
suppressed. The band-rejection filter 57, 57" 1s located before
the high-pass filter 58, 58', since otherwise, because of the
high amplitude of the basic frequency harmonic, only very
slow attenuated step responses would be the result. The high-
pass filter 58, 58' 1s advantageously implemented as an IIR
filter, since 1ts limiting frequency and thus the transient
response time can be switched very simply.

For error voltage suppression, a limiting frequency o1 0.01
Hz 1s used. This corresponds to a minimum test speed of
approximately 1.5 cm/minute with a 3 mm coil active width.
At the scan frequency of 1, _833 kHz, this low limiting fre-
quency can be produced with just about 32-bit coelficient
accuracy. With 16-bit coetlicients, only a limiting frequency
of greater than 10 to 20 Hz 1s possible. The transient response
time 1s approximately 36 s. For a quick adjustment, called
quick balance, the coellicients are switched so that the high-
pass filter 58, 58' has a limiting frequency of 10 kHz and a
transient response time of 37 us. The degree 1 IIR-high-pass
f1lter 58, 38' makes possible an error voltage suppression with
quick adjustment. The IIR filter type allows for a coelficient
switch-over with the shortest transient response behavior,
since a minimum phase system 1s present. Based on the
degree 1, the computing expense 1s low.

The band-rejection filter 57, 57" 1s designed for suppression
of a signal component at the double demodulation frequency.
The error voltage can be suppressed by the IIR high-pass filter
58, 58

While up to this point of the signal processing, 32-bit
arithmetic 1s required in the signal processor 11 for all
numerical operations, the accuracy of the signal values can be
reduced from 32 bits to 16 bits after the separation of the even
component for the additional low-frequency signal process-
ing. Since all 32-bit operations are performed with the
reduced scan frequency { , of at most 833 kHz, a relatively
low computing time requirement consequently also follows
for this method.

For further suppression of interference and residual folding
components, the low-frequency wanted signal 1s limited by a
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single-stage or multi-stage FIR-low-pass filter 59, 59' with a
total reduction factor R'=1 to the presettable maximum band
width 1, at an overscanning {_.—(20 ... 100)1,,, .. At a
mimmum value of 20*t,,, ., 1t 1s just about ensured that
amplitude errors of at most 1.5% are not exceeded for the
signal analysis and production. If 1t 1s possible because of the
test speed, an attempt 1s made to achieve the scan Frequency
100*1, , .. Advantageously, a more compact sequence of the
scan points for the graphic depiction 1s thus achieved. The
largest possible amplitude error 1s then less than 0.1%.

An even higher overscanning does not offer any advan-
tages and, because of the redundancy, results 1n an unneces-
sary increase in the data yield and the storage requirement.
Since usually the device being tested 16 1s moved past the
receiver coil 17, the signal processor 11 has to analyze the
data of the mnput signal SDE online to make possible a local-
ization of the error in the device being tested 16. For the
example of the excitation frequency £ =1 MHz, the FIR low-
pass filter 59, 59' with 23 coetlicients and a band limitation to
15 kHz follows as a post-filter. In this connection, the scan
frequency 1s reduced to 208 kHz. In addition to an effective
suppression ol optional interfering signals and removal of
residual intermediate frequency components, the low-pass
filter 59, 59' 1s used 1n addition to correct the damping of the
degree 3 band-rejection filter 57, 57" in the pass-band range.

A very high damping of the frequency component in the
double demodulation frequency 1s generated by the zero point
of the FIR band-rejection filter 37, 57" and the post-filtering 1n
the following reduction low-pass filter 39, 59'. FIR filters can
beused very efficiently for scan rate reduction. Because of the
finite impulse response, the calculation at the scan frequency
tf . or the reduced scan frequency fa" 1s possible. FIR filters
have a linear phase, so that distortions are avoided, and the
time signal shape 1s maintained. By the narrow-band filtering,
the wanted signal band can lie closer to the excitation ire-
quency im, specifically, for example, up to a factor of 3 below
the excitation frequency Im (and thus no longer has to be at
least less than V10 of the excitation frequency fm). The nar-
row-band filtering produces high noise immunity and a reduc-
tion of noise.

The number of computing operations relative to the input
scan rate of 833 kHz 1s 5.75 16-bit multiplications and 5.75
additions. Overall, approximately 76 operations 1n one
microsecond are required so far per input scan interval for real
and 1maginary portions. Finally, in each case, an IIR high-
pass lilter 60, 60' and a degree 2 or 4 IIR-low-pass filter 61, 61
tollows the reduction low-pass filter 59. The IIR high-pass
filter 60, 60' and the IIR low-pass filter 61, 61' are recursive
filters and are rigidly set.

As an alternative, the IIR high-pass filter 60, 60' and the IIR
low-pass filter 61, 61', which are both recursive filters, are
automatically readjusted as a function of the test speed. In this
case, because of the large frequency range, optionally coet-
ficients with 32-bit word lengths may be necessary. Thus, the
IIR high-pass filter 60, 60' and the IIR low-pass filter 61, 61'
are automatically matched by the test set-up 10 to the test
speed, with which the device being tested 16 1s examined. To
this end, the coellicients of the filters 60, 60', 61, 61' are
calculated and switched by the signal processor 11. The IIR
high-pass filter 60, 60' and the IIR low-pass filter 61, 61
produce a filtering of the low-frequency wanted signal for
noise suppression. The IIR high-pass filter 58, 38' 1s used
primarily in a differential coil arrangement, as shown 1n FIG.
3A. If only one coil, namely the recerving coil 17, 1s used on
the recerving side, the test set-up 10 implements an absolute
channel. In the case of an absolute channel, the bias-1IR-high-
pass filter 58, 38' is replaced by a subtractor, which subtracts
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a compensation value from the signal. The compensation
value for the zero adjustment 1s determined and readjusted by
the signal processor 11.

In the filter arrangement 22, the low-pass filter 23 has a
scan rate reduction by a factor o1 4, and the band-pass filter 25
and the output low-pass filter 33 1n each case have a scan rate
reduction by a factor of 2. A scan rate reduction factor of the
other low-pass filter 52 can be set. The clock frequency 1CLK
1s typically 20 MHz and 1s used both by the AD converter
arrangement 18 and by the generator 12.

In an alternative embodiment, a 10 MHz clock 1s used as a
scan rate for reducing the load of the signal processor 11 for
the digital generation of the excitation signal SE with the
excitation frequency Im instead of 20 MHz. As a result, the
phase increment 1s increased. Because of the step function,
the maximum amplitude deviation 1s then -0.14 dB. The
excitation filter 70, which 1s used as a reconstruction filter, can
then have a degree of 5 to 6 with an edge steepness o1 30 to 36
dB per octave.

In an alternative embodiment, the signal processor 11 cal-
culates the sine and cosine values of the demodulator signal
DS, DS'. The calculation can be done by series approximation
or by means of the CORDIC (COrdinate Rotation Dlgital
Computer) method.

FIG. 3A shows an exemplary embodiment of a detail of the
test set-up 10 as 1t can be used, for example, 1n the test setup
according to FIG. 1A. The additional receiving coil 72 of the
test set-up 10 1s arranged 1n series in the recerving co1l 17. The
receiving coil 17 and the additional receiving coil 72 thus
form a differential coil arrangement.

FIG. 3B shows an exemplary embodiment of another detail
of the test set-up 10 according to FIG. 2. The test setup 10 has
the band-pass 25 and the demodulator 27, between which the
signal processing system 29' 1s provided. Below, the signal
processing system 29' 1s explained for high values of the
excitation frequency Im, in which the conversion system 29"
1s activated. The conversion system 29" 1s used for scan rate
reduction.

The conversion system 29" 1s implemented as a switch 80.
An mput of the switch 80 1s connected to the band-pass filter
25. The switch 80 has the first number P of outputs. Finally,
the first output of the switch 80 1s connected to the demodu-
lator 27. The conversion system 29" reduces the scan ire-
quency 1 . by the whole factor of P to the reduced scan
frequency 1 .. The conversion system 29" can therefore also
be referred to as a downward mixer. The conversion system
29" 1s implemented as a decimator. It can also be referred to
as a resampler. The conversion system 29" 1s thus 1mple-
mented 1n that only each Pth value 1s transmitted. The inter-
mediate values are omitted. The signal processor 11 1imple-
ments the conversion system 29" and the demodulator 27 by
storage and further processing by means of demodulation of
cach Pth value of the input signal SDE. The signal processor
11 receives the unnecessary P-1 value of the input signal SDE
but does not demodulate the latter.

The signal processing system 29' implements a conversion
method using the conversion system 29". Advantageously,
the conversion method does not require any explicit multipli-
cation by changing the scan frequency 1. to the reduced scan
frequency fa". The operations 1n the signal processing system
29" and the subsequent operations are implemented by the
signal processor 11 with the reduced scan frequency {1 ..
Thus, there 1s a savings 1n computing time. A signal processor
11 can be used at low speed.

Advantageously, the AD conversion, filtering and scan rate
reduction and subsequent demodulation are carried out with
observance of the sampling theorem and the folding proper-




US 8,841,902 B2

17

ties of time-discrete systems and with use of aliasing. A
rational ratio between the scanning frequency 1 ., and the
mean frequency Im 1s not necessary. The method can also be
implemented without a rational ratio between the scan ire-
quency 1 _, I . and the excitation frequency 1 .

FIGS. 4A to 4D show an exemplary embodiment of the
spectra 1n the test set-up 10 according to FIG. 3B. In the
example, the excitation frequency Im has the value of 1015
kHz. In FIG. 4 A, the frequency spectrum of the coil signal SP
1s indicated. FIG. 4B shows the mput signal SDE after scan-
ning with the converter scan rate fa and the band-pass filtering,
by means of the band-pass filter 25. FIG. 4C shows the rate-
reduced demodulator 1input signal SD that 1s provided by the
conversion system 29" of the signal processing system 29'.
The scan frequency 1a' 1n this case, 1s scan-rate-reduced to the
reduced scan frequency 1 ., and the excitation frequency 1 1s
converted to a demodulation frequency after conversion t ..
The demodulation frequency after conversion Im' can also be
referred to as an intermediate frequency. In FI1G. 4D, the first
and second wanted signals SN1, SN2 are indicated, which are
generated by demodulation, low-pass filtering, and additional
scan rate reduction within the demodulator 27.

The coil signal SP 1s narrow-banded and amplitude- and
phase-modulated. The coil signal has a bandwidth of 15 kHz
in this example. The scan frequency of the AD converter
arrangement 18 1s £ .5 MHz. The band-pass filter 235 has a
band-pass range of +/-15 kHz and a band-rejection limit of
+/—170 kHz to the band limitation. The conversion system
29" reduces the scan frequency 1a' by a factor of 6 to fa"=833
kHz. The scan rate reduction factor 1s thus 6. The coil signal
SP 1s thus converted, 1.e., mixed downward to the intermedi-

ate frequency Im' according to the following equation:

7
fm’ = (fmmod fa" = 7 - fa” =182 kHz

This 1s the modulo demodulation method. With the method
of frequency conversion by downward mixing, the filtered
signal of the band-pass filter 25 1s converted to a lower inter-
mediate frequency. This 1s suitable primarily for high excita-
tion frequencies Im. For low excitation frequencies Im, how-
ever, the signal of the band-pass filter 25 1s directly
demodulated after low-pass filtering by means of the signal
low-pass filter 29'".

By reduction of the scan frequency 1a' by afactor of R to the
reduced scan frequency fa"=fa'/R, the excitation frequency
tm 1s depicted on the intermediate frequency fm'=(im)mod
fa". The demodulation can be carried out in the original
position or in the reverse position of the frequency. As a
requirement of the original position of the spectrum at fim', the
tollowing has to hold true:

ko<t <(fk+0.5)f

where K 1s an integer. This corresponds to the requirement
t <t ./2 . Thus, no reverse position of the frequency takes
place. In addition, the condition has to be met:

Jo<Son<far'2=fp

The symmetry of the spectrum 1s thus maintained, and the
real-valued nature of the corresponding time function 1s
proven effective. The band-pass signal at im' 1s then complex-
demodulated with sin(2x fm' t) and cos(2m tm' t). The nter-
mediate frequency tm', the reduced scan frequency 1., and
thus the scan frequency 1 . are in a harmonic ratio to one
another. This means that the reduced scan rate fa" 1s a rational
multiple of the intermediate frequency m'. Furthermore, 1/

10

15

20

25

30

35

40

45

50

55

60

65

18

t_.~a/b holds true, whereby a and b are integers. As a result, 1t
1s achieved that during demodulation, a small table length for
the sine-/cosine function value i1s adequate. The reduction
factor R 1s a multiple of R3=2 and 1s therefore even-num-
bered. The mnput data rate 1n the signal processor 11 1s 1_/2
times 32-bit and 1s 2.5 M samples at =5 MHz, which are 5
Mword/s at 16 bits. In a blackiin processor as a signal pro-
cessor 11, the largest possible data rate for a 16-bit word
length 1s approximately 50 M word/s. For R>2, in each case
only the scan values 1n a ratio R/2 are further used. All other
read-in values are 1gnored. Thus, the demodulation frequency
t_.1s unlike the excitation frequency 1 . However, at lower
frequencies without downward mixing, the demodulation fre-
quency 1s equal to the excitation frequency 1 .

The method can thus have the following advantages: A
complete digital demodulation and filtering 1s carried out. In
addition, a band-pass filtering 1s carried out 1n the AD-con-
verter arrangement 18. The operations are performed on the
intermediate frequency at a lower scan frequency. Thus, there
1s a savings 1n computing time. The use of a processor at low
speed 1s made possible. Only an AD converter 21 and a signal
path are required between the receiwver coil 17 up to the
demodulator 27 for demodulation of real and 1imaginary por-
tions, 1.e., in-phase/quadrature components, on the interme-
diate frequency. By contrast, in general two AD converters are
required in the case of conventional underscanning with
direct demodulation and conversion into the base band. The
test set-up 10 performs the test method online. The test set-up
10 can be implemented economically.

What 1s claimed 1s:

1. Test set-up for non-destructive detection of a flaw 1n a
device being tested by means of an eddy current, comprising:

an excitation coil adapted to act on a device being tested
with an alternating electromagnetic field,

a receiving coil adapted to generate a coil signal as a
function of a flaw 1n the device being tested,

an analog-digital converter having an input side which 1s
coupled to the recerving coil,

a filter arrangement having an input side which 1s coupled
to an output side of the analog-digital converter and 1s
adapted for band-pass filtering and scan frequency
reduction, and

a demodulator having an mput which 1s coupled to an
output of the filter arrangement

wherein the filter arrangement comprises a band-pass filter,
an mput ol which 1s coupled to the analog-digital con-
verter and an output of which 1s coupled to the demodu-
lator to 1ssue an nput signal, and

wherein the filter arrangement further comprises a conver-
sion system that 1s adapted to provide only one value as
the demodulator mput signal for scan frequency reduc-
tion of a first number of values of the mmput signal,
whereby the first number 1s an 1integer greater than 1.

2. Test set-up according to claim 1, wherein the analog-
digital converter 1s adapted to produce a converter output
signal with a converter scan frequency; wherein the filter
arrangement 1s adapted to convert a converter output signal
into a demodulator mput signal having a reduced scan ire-
quency which 1s smaller than the converter scan frequency by
a reduction factor, and wherein the demodulator 1s adapted to
demodulate the demodulator input signal.

3. Test set-up according to claim 1 wherein the analog-
digital converter 1s adapted to provide an input signal having
a {irst number of values during a second number of periods of
the excitation signal, the first number and the second number
being different integers, wherein the filter arrangement com-
prises a number of low-pass filter arrangements and wherein
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cach of the values of the input signal 1s sent to a respective one
of the low-pass filter arrangements.

4. Test set-up according to claim 3, 1n which at least one of

the low-pass filter arrangements comprises a short-term low-
pass filter and a long-term low-pass filter which has a longer
time constant compared to a time constant of the short-term
low-pass filter.

5. Test set-up according to claim 1, further comprising a
band-rejection filter, an input of which 1s coupled to the
demodulator.

6. Test set-up according to claim 1, further comprising a
signal processor, a generator that 1s coupled to the excitation
coll and comprises the demodulator, the generator being
adapted to 1ssue a demodulator signal to a demodulator 1nput
of the demodulator.

7. Test set-up according to claim 6, further comprising a
digital-analog converter which 1s arranged between the gen-
erator and the excitation coil.

8. Test set-up according to claim 6, further comprising a
clock generator the output of which is coupled to a clock input
of the signal processor and a clock input of the analog-digital
converter.

9. Test method for non-destructive detection of a tlaw 1n a
device being tested by means of an eddy current, comprising
the steps of:

acting on the device being tested with an electromagnetic

alternating field by means of an excitation coil to which
an excitation signal 1s sent,

generating a coil signal as a function of a flaw 1n the device
being tested by means of a receiving coil,

providing a converter output signal by digitalization of the
coil signal,

generating a demodulator input signal by filtering the con-
verter output signal with a band-pass characteristic and
scan frequency reduction, and
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demodulation of the demodulator input signal by by means
of a demodulator,

wherein the converter output signal i1s provided with a
converter scan frequency and the demodulator input sig-
nal 1s provided with a reduced scan frequency which 1s
smaller than the converter csan frequency by a reduction
factor.

10. Test method for non-destructive detection of atlaw in a

device being tested by means of an eddy current, comprising
the steps of:

acting on the device being tested with an electromagnetic
alternating field by means of an excitation coil to which
an excitation signal 1s sent,

generating a coil signal as a function of a tlaw 1n the device
being tested by means of a receiving coil,

providing a converter output signal by digitalization of the

coil signal,

generating a demodulator input signal by filtering the con-

verter output signal with a band-pass characteristic and
scan frequency fate reduction, and
demodulation of the demodulator input signal by means of
a demodulator,

wherein the mput signal 1s generated by means of a band-
pass filter from the converter output signal or a signal
derived from the converter output signal; and wherein a
scan Irequency reduction by a first number that 1s an
integter greater than 1 1s produced from values of the
input signal, and wherein only one value 1s provided as
the demodulator input signal.

11. Test method according to claim 10 wherein a scan
frequency of the input signal 1s a rational multiple of an
excitation frequency of the excitation signal, and wherein the
iput signal has a first number of values during a second
number of periods of the excitation signal, the first number
and the second number being different integers.
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